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ABSTRACT
The streaming instability and Kelvin–Helmholtz instability are considered the two major sources
causing clumping of dust particles and turbulence in the dust layer of a protoplanetary disk as
long as we consider the dead zone where the magneto-rotational instability does not grow. Extensive
numerical simulations have been carried out in order to elucidate the condition for the development of
particle clumping caused by the streaming instability. In this paper, a set of two parameters suitable
for classifying the numerical results is proposed. One is the Stokes number that has been employed
in previous works and the other is the dust particle column density that is nondimensionalized using
the gas density in the midplane, Keplerian angular velocity, and difference between the Keplerian
and gaseous orbital velocities. The magnitude of dust clumping is a measure of the behavior of the
dust layer. Using three-dimensional numerical simulations of dust particles and gas based on Athena
code v. 4.2, it is confirmed that the magnitude of dust clumping for two disk models are similar if
the corresponding sets of values of the two parameters are identical to each other, even if the values
of the metallicity (i.e., the ratio of the columns density of the dust particles to that of the gas) are
different.
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1. INTRODUCTION
Planetesimals are hypothetical small solid bodies that can grow because of their mutual gravity
when they collide with each other in a protoplanetary disk. It is difficult for silicate particles to
stick together because of their weak material forces (Blum 2010); thus, the most probable way to
form planetesimals from millimeter-sized chondrules is the gravitational instability (Safronov 1969;
Goldreich & Ward 1973; Sekiya 1983). For the gravitational instability to develop, the dust volume
density ρd (the total mass of dust particles in a unit volume of a disk) must exceed the critical density
ρGI ∼M∗/r3, where M∗ is the mass of the central star and r is the orbital radius.
One of the mechanisms for the dust concentration is the streaming instability (Youdin & Goodman
2005; Youdin & Johansen 2007). The dust density grows significantly and may exceed ρGI in the
nonlinear stage of the streaming instability (Johansen & Youdin 2007; Johansen et al. 2007, 2009;
Simon et al. 2016, 2017). Carrera et al. (2015) thoroughly examined the condition for the formation
and growth of clumps of dust particles caused by the streaming instability. Yang et al. (2017) revised
the condition by performing long-term simulations with higher resolution.
In this paper, a new parameter set is introduced that is appropriate for the classification of turbu-
lence and particle clumping in the dead-zone dust layer of a protoplanetary disk. The magnitude of
dust clumping is a measure of the behavior of the dust layer. Through three-dimensional numerical
simulations, it is shown that the magnitude of dust clumping for two disk models are similar if the
corresponding sets of values of the two parameters are identical, even if the values of the metallicity
(i.e., the ratio of the columns density of the dust particles to that of the gas) are different. This
work will provide a novel criterion for the growth of clumps of dust particles caused by the streaming
instability. We ignore the effect of self-gravity in this work. The planetesimal formation because of
gravitational instability is expected to occur after the volume density of particle clumps formed by
the streaming instability exceeds ρGI .
2. TWO KEY DIMENSIONLESS PARAMETERS
There are two important time scales for the dynamics of the dust layer in a protoplanetary disk.
One is the stopping time of a dust particle tstop and the other is the inverse of the Keplerian angular
velocity Ω−1K . The ratio of these time scales is called the Stokes number: τs ≡ tstopΩK , which has
been used in many previous works as a measure of the frictional coupling of dust particles and gas
(Youdin & Goodman 2005; Youdin & Johansen 2007; Johansen & Youdin 2007; Carrera et al. 2015;
Yang et al. 2017). We also adopt τs as one of the key dimensionless parameters. In this work, we
consider the restriction where τs < 1. This condition is satisfied for any orbital radius if the radius
of a dust particle is less than 1 cm and the minimum-mass solar nebula model (Hayashi 1981) is
employed.
There are two characteristic velocities related to the dynamics of the dust layer in a protoplanetary
disk. One is ηvK , where vK = rΩK is the Keplerian velocity, η = −(1/2)[(1/ρg)(∂P/∂r)]/[rΩ2K ], ρg
is the gas density, and P is the gas pressure. In usual models of protoplanetary disks, the radial
pressure gradient is negative. In this case, ηvK represents the delay of the revolution velocity of
the gas compared to the Keplerian velocity (Adachi et al. 1976; Weidenschilling 1977). Another
is the isothermal sound velocity cs that has two roles for determining the characteristics of a local
protoplanetary disk: (1) The vertical scale height of the gas disk is determined by Hg = cs/ΩK ;
(2) the dynamical compressibility depends on the sound velocity. The ratio of these two velocities
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gives another dimensionless parameter Π ≡ ηvK/cs, which has also been employed to characterize
the numerical results (Bai & Stone 2010c; Carrera et al. 2015; Yang et al. 2017). Note that Π 1 for
usual disk models. The linear analysis and the nonlinear simulation of the streaming instability in the
unstratified disk (Youdin & Johansen 2007; Johansen & Youdin 2007) also employ Π as a parameter.
In contrast, the original work on the streaming instability assumes that the gas is incompressible
(Youdin & Goodman 2005); in this case, Π is inadequate for expressing the value of ηvK , because
cs =∞ and hence Π = 0. The values of the linear growth rate are similar for both the compressible
and incompressible models. Thus, Π may not be an appropriate parameter for characterizing the
streaming instability.
It has been revealed by means of numerical simulations that the behavior of dust particles and gas
depends on the metallicity Z ≡ Σd/Σg, where Σd and Σg are the column densities of dust particles
and gas, respectively (Johansen et al. 2009; Bai & Stone 2010b; Carrera et al. 2015; Yang et al. 2017).
Note that Carrera et al. (2015) employed Z ′ = Σd/(Σg + Σd) instead of Z; however, the difference
between Z and Z ′ is small because Σd  Σg in the cases under consideration. If Z exceeds a critical
value, particle clumps grow possibly because of the streaming instability (Johansen et al. 2009). The
critical value of the metallicity depends on Π and τs (Carrera et al. 2015).
There are several reasons why the metallicity is usually employed as a parameter. Historically,
only the dust mass could be determined from the observation of a protoplanetary disk, and the gas
mass was calculated by assuming the metallicity (Beckwith et al. 1990). Recent observations enable
us to determine both the dust and gas masses in protoplanetary disks (Ansdell et al. 2016). The
metallicity in the solar protoplanetary disk is determined from the solar abundance of elements in
each region where water condenses and vaporizes (Hayashi 1981). Several evolution models of the
metallicity due to the growth and migration of dust particles as well as the disk photoevaporation
have been published (Youdin & Shu 2002; Youdin & Chiang 2004; Gorti et al. 2015).
Although metallicity is important for the models of the protoplanetary disks as mentioned above,
the metallicity is not considered an appropriate parameter for characterizing the dynamics of the
dust layer. This is because the dust particles settle toward the midplane and form a thin dust layer.
The scale height of the dust layer is much less than that of the gaseous disk. It is not likely that gas
far from the dust layer affects the dynamics in the dust layer. Here, we seek a characteristic value
that represents the column density of the gas around the dust layer.
First, note that the gas has an almost constant density in the dust layer if we only consider a local
region where the radial width ∆r is much smaller than the orbital radius r. This is because the
dust layer is much thinner than the vertical scale height of the gas. Hence, we use the unperturbed
midplane gas density ρg0 at r as a representative value.
If the frictional coupling is strong, i.e., τs  1, the velocity difference of a dust-rich region where
ρd  ρg and a gas-rich region where ρg  ρd is of the order of ηvK (Nakagawa et al. 1986). The
maximum growth rate of the streaming instability and Kelvin–Helmholtz instability is of the order
of (but somewhat less than) ΩK (Youdin & Goodman 2005; Chiang 2008). Thus, the length scale
appropriate for characterizing the dust layer is ηvK/ΩK = ηr from the viewpoint of dimensional
analysis. Actually, the thickness of the dust layer when the dust settling and turbulent mixing are
in equilibrium is of the order of ηr according to the results of numerical simulations by Carrera et
al. (2015).
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Multiplying ρg0 by ηr, we obtain a gas column density that is appropriate for characterizing the
column density of the gas in the dust layer. Thus, we find a new dimensionless parameter
σd ≡ Σd/[ρg0ηr] (1)
that may be more suitable for characterizing dust-clumping than the metallicity Z. The relation with
the traditional parameters can be expressed as σd = (2pi)
1/2Z/Π ≈ 2.5Z/Π. Hence, a hypothesis is
proposed where the degree of dust-clumping is determined by a set of two key parameters (τs, σd).
Table 1. Model parameters.
Model τs σd Π Z
(
Lx
ηr
,
Ly
ηr
, Lz
ηr
)
Lz/2
Hg
Hd0
ηr
(Nx, Ny , Nz) Np Orbits
(A) 0.1 0.5 0.025 0.005 (4, 4, 4) 0.05 0.2 (144, 144, 144) 4147200 10
(B) 0.1 0.5 0.05 0.01 (4, 4, 4) 0.1 0.2 (144, 144, 144) 4147200 10
(C) 0.1 1.0 0.025 0.01 (4, 4, 4) 0.05 0.2 (144, 144, 144) 4147200 10
(CHd2) 0.1 1.0 0.025 0.01 (4, 4, 4) 0.05 0.4 (144, 144, 144) 4147200 10
(CLz2) 0.1 1.0 0.025 0.01 (4, 4, 8) 0.1 0.2 (144, 144, 288) 4147200 10
(CNp2) 0.1 1.0 0.025 0.01 (4, 4, 4) 0.05 0.2 (144, 144, 144) 8294400 10
(D) 0.1 1.0 0.05 0.02 (4, 4, 4) 0.1 0.2 (144, 144, 144) 4147200 10
(E) 0.1 2.0 0.025 0.02 (4, 4, 4) 0.05 0.2 (144, 144, 144) 4147200 10
(F) 0.1 2.0 0.05 0.04 (4, 4, 4) 0.1 0.2 (144, 144, 144) 4147200 10
(G) 0.01 0.5 0.025 0.005 (4, 4, 4) 0.05 0.2 (288, 288, 288) 33177600 50
(H) 0.01 0.5 0.05 0.01 (4, 4, 4) 0.1 0.2 (288, 288, 288) 33177600 50
(I) 0.01 1.0 0.025 0.01 (4, 4, 4) 0.05 0.2 (288, 288, 288) 33177600 50
(J) 0.01 1.0 0.05 0.02 (4, 4, 4) 0.1 0.2 (288, 288, 288) 33177600 50
(K) 0.01 2.0 0.025 0.02 (4, 4, 4) 0.05 0.2 (288, 288, 288) 33177600 50
(L) 0.01 2.0 0.05 0.04 (4, 4, 4) 0.1 0.2 (288, 288, 288) 33177600 50
3. NUMERICAL SIMULATIONS AND RESULTS
Here, through three-dimensional numerical simulation, we examine whether the dust layer behaves
similarly when a two-parameter set (τs, σd) is identical, even if the values of Z and Π are different. We
choose values of Z above and below the critical value that divides the suspension regime and streaming
regime from Fig. 8 of Carrera et al. (2015) for Π = 0.05. We also calculate the corresponding value
of σd and change the values of Z and Π by keeping σd constant. The parameters employed are listed
in Table 1.
We use Athena code v. 4.2 for dust particles and gas (Bai & Stone 2010a) and employ a local
shearing box in which (x, y, z) represents the radial, azimuthal, and vertical directions. We also
assume that the gas is isothermal, and cs and ΩK are constant in the shearing box. The vertical
gravitational acceleration −Ω2Kz is exerted both on the gas and dust particles. The initial gas density
is assumed uniform in the x– and y– directions, and stratified in the z–direction owing to vertical
gravity such that ρg = ρg0 exp[−z2/(2H2g )]. The gas pressure is expressed as P = ρgc2s. Hence,
the radial pressure gradient is initially equal to zero: ∂P/∂x = 0. This setting may seem to be
inadequate for simulating the streaming instability because the streaming instability is caused by the
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global radial pressure gradient (Youdin & Goodman 2005). In order to overcome this contradiction,
the effect of the global radial pressure gradient is included by adding an acceleration −2ηvKΩK in
the radial direction to each particle in the Athena code (see Bai & Stone (2010a,b) for detailed
description of the formalization). In the Athena code, the origin of the coordinate system moves
with the rotation velocity of the gas at a fiducial radius r, which is slower than the Kepler velocity
by ηvK . In this work, we employ a coordinate system in which the origin moves with the Keplerian
velocity by translating x = x′ − (2/3)ηr, where x′ is the radial coordinate used in the Athena code.
We assume that all dust particles have an identical Stokes number.
The simulation region is −Lx/2 ≤ x ≤ Lx/2, −Ly/2 ≤ y ≤ Ly/2, and −Lz/2 ≤ z ≤ Lz/2. The
values of Lx/(ηr), Ly/(ηr), Lz/(ηr) as well as Lz/Hg are listed in Table 1. Because Lz/Hg  1, the
initial gas density is almost equal to ρg0 throughout the simulation region. We employ the shear-
ing periodic boundary condition for x, periodic boundary condition for y, and reflective boundary
condition for z following Bai & Stone (2010b). The mesh numbers (Nx, Ny, Nz) and number of
super-particles Np that represent the dust particles are listed in Table 1.
The initial unperturbed volume density of the dust particles is assumed uniform in the x– and
y– directions, and Gaussian in the z–direction, ρd = ρd0 exp[−z2/(2H2d0)], where Hd0 is the initial
scale height of the dust layer. The unperturbed value of the column density of the dust particles is
expressed as
Σd0 =
∫ Lz/2
−Lz/2
ρd dz = (2pi)
1/2 ρd0Hd0 erf [Lz/(2
√
2Hd0)], (2)
where erf (u) ≡ pi−1/2 ∫ u−u exp(−v2) dv. In the following, we assume Hd0  Lz/2, such that
erf [Lz/(2
√
2Hd0)] ≈ 1. Given a value of σd, the initial unperturbed value of the dust to gas density
ratio at the midplane is expressed as a function of Hd0/ηr from Eqs. (1) and (2) as follows:
ρd0/ρg = σd/[(2pi)
1/2(Hd0/ηr)] ≈ 0.40σd(Hd0/ηr)−1. (3)
The value of Hd0 can be chosen arbitrarily, because the dust settling due to vertical gravity and the
diffusion due to turbulence caused by the streaming and Kelvin–Helmholtz instabilities would erase
the memory of the initial conditions. In order to save computational time in waiting for the dust to
settle, we employed Hd0/(ηr) = 0.2; this value is determined to fit the results of Carrera et al. (2015)
in the suspension regime. We initially distribute the super-particles by employing uniform random
numbers in the x– and y–directions, and normal random number in the z–direction for determining
the initial positions of the super-particles. Hence, the seeds of the streaming instability are the initial
perturbation of the dust volume density caused by the random distribution of the super-particles.
Note that the results are almost similar even if the initial values of Hd0/ηr, ρd0/ρg, Lz/(ηr) and Np
are different as long as the sets of values (τs, σd) are identical, as shown in Appendix A.
The semi-implicit method for the time-integration of the particles and gas is adopted. We determine
the Courant number such that the numerical instability due to the back reaction of the dust on gas
is avoided: ∆t < 0.5(ρg/ρdmax)tstop, where ρdmax is the maximum dust density. If the Courant
number determined from the above condition is greater than 0.4, we employ 0.4 in order to satisfy
the usual Courant condition.
Figure 1 shows the column density of dust Σd normalized by the unperturbed value Σd0 in the x–y
plane at tΩK/(2pi) = 10 for models (A)–(F) with τs = 0.1. The red color indicates that Σd > Σd0,
and the blue color indicates that Σd < Σd0. Figure 2 shows the mean volume density of dust
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〈ρd〉y =
∑Ny
iy=1
ρd,iy/Ny, where iy represents the mesh number in the y direction, normalized by the
unperturbed gas density at the midplane ρg0 in the x–z plane at tΩK/(2pi) = 10 for models (A)–(F).
The red color indicates that 〈ρd〉y > ρg0 and the blue color indicates that 〈ρd〉y < ρg0.
Radial clumps of particles are observed in model (C) at approximately x/ηr = −0.4, 0.6, and 1.5
(including a weak clump at approximately x/ηr = −1.5). In contrast, in models (A) and (B), the
clumping is weak, and the clumps are not radially confined. The density distribution of particles in
model (B) is similar to that in model (A) and is very different from that in model (C); however, the
value of Z for model (B) is same as that for model (C) and is twice as large as that for model (A). In
contrast, the value of σd for model (B) is identical to that for model (A). Model (D) also shows radial
clumping at approximately x/ηr = −1.5 and 1.1. The magnitude of radial-clumping in model (D) is
similar to that in model (C), and the values of σd for models (C) and (D) are identical. The clumping
of particles develops more extensively in models (E) and (F), and the values of σd for models (E) and
(F) are identical, although the value of Z for model (E) is a half the value of Z for model (F). Hence,
a new parameter σd defined by Eq. (1) is more appropriate than Z for characterizing the particle
clumping.
Figure 3 shows the maximum dust density ρdmax normalized by the unperturbed gas density at the
midplane as a function of time. The asymptotic value of ρdmax/ρg0 is about 10 for models (A) and
(B) and 30–40 for models (C) and (D). In contrast, in models (E) and (F), ρdmax/ρg0 continues to
grow toward the critical density of the gravitational instability normalized by the gas density, which
is a few hundred (Yamoto & Sekiya 2004). Note that our simulations do not take self-gravity into
account, and the increase in the dust volume density is caused by the streaming instability. In order
to elucidate the final state of models (E) and (F), numerical simulations that include self-gravity are
necessary as have been performed by Simon et al. (2016, 2017). In any case, the above results also
support the hypothesis that σd is appropriate for characterizing the tendency for particle clumping
for a fixed value of τs.
Figures 4 and 5 show Σd/Σd0 in the x–y plane and 〈ρd〉y /ρg0 in the x–z plane, respectively, at
tΩK/(2pi) = 50 for models (G)–(L) with τs = 0.01. In models (G) and (H), it can be seen that radial
clumping is weak and faint. The particle distribution in model (H) is similar to that in model (G),
and the values of σd for models (G) and (H) are identical. In contrast, the value of Z for model
(H) is same as that for model (I) and is twice as large as that of model (G). Moreover, several clear
radial clumps are also observed in models (I) and (J), and the values of σd for models (I) and (J) are
identical. In model (K), a very dense isolated clump can be observed at approximately x/ηr = −1.6,
and a broad radial clump can be observed at approximately 1.5 . x/ηr . 2. Similarly, in model (L),
an isolated clump and a broad radial clump can be observed at approximately x/ηr = ±2.0 at about
0.9 . x/ηr . 1.4, respectively. The formation and evolution of the isolated clump and broad radial
clump in models (K) and (L) proceed very similarly, as seen in the animations of Figs. 4 (K) and
(L), and the values of σd for models (K) and (L) are identical.
Figure 6 presents the time evolution of the maximum dust density for models (G)–(L). The max-
imum dust density converges at approximately 2.4 in models (G) and (H) with σd = 0.5, and ap-
proximately 3.8 in models (I) and (J) with σd = 1.0. In contrast, the maximum density continues to
grow to reach about 50 in models (K) and (L) with σd = 2.0. The results for τs = 0.01 also indicate
that σd is more appropriate than Z for characterizing the particle clumping.
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Hence, the hypothesis that particle clumping is classified by a set of two parameters (τs, σd) is
confirmed.
4. CONCLUSIONS AND DISCUSSION
In previous studies, dust clumping caused by the streaming instability was classified by employing a
set of three dimensionless parameters (τs, Z,Π). A new parameter σd = (2pi)
1/2Z/Π was introduced in
order to simplify the classification, where σd is the dust column density Σd nondimensionalized using
the unperturbed midplane gas density, the Keplerian angular velocity, and the difference between
the Keplerian velocity and gas velocity in the region outside the dust layer where the dust volume
density is much less than the gas density. The results of the numerical simulations indicate that the
extent of particle clumping is similar for an identical set of (τs, σd), even if the values of Z and Π
are different. Hence, a set of two parameters (τs, σd) is sufficient to classify the extent of the particle
clumping caused by the streaming instability.
Carrera et al. (2015) performed numerical simulations of the dust layer by assuming Π = 0.05 for
obtaining Fig. 8, which was revised by Yang et al. (2017) as their Fig. 9. If a set of parameters
(τs, Z,Π) is given, these figures can be used to determine the behavior of the dust layer for a different
value of Π. The corresponding value of the metallicity for Π = 0.05 with the same value of σd is
expressed as Z|Π=0.05 = 0.05(Z/Π). Applying this value of the metallicity with τs to Fig. 8 of Carrera
et al. (2015) and Fig. 9 of Yang et al. (2017), we can determine whether the dust layer is in the
suspension region or the streaming region.
The results of numerical simulation in this work show that the dust-clumping grows if σd & 1.
Given that σd is a measure of dust-to-gas mass-ratio in the dust layer, as explained in section 2, the
results indicate that the dust-clumping grows if the inertia of the dust particles is greater than that
of the gas.
In this work, we performed numerical simulations for τs = 0.1 and 0.01. At lower values of τs,
the evolution time will be significantly long because of the low relative velocities between the dust
particles and gas. In that regard, new formulations for dust and gas by Laibe & Price (2014) and Lin
& Youdin (2017) may be useful for resolving this issue, which will also be addressed in future work.
This work was supported by JSPS KAKENHI Grant Number JP15K05268. Numerical computa-
tions were carried out on the Cray XC30 at the Center for Computational Astrophysics, National
Astronomical Observatory of Japan.
APPENDIX
A. DEPENDENCE OF MAXIMUM DUST VOLUME DENSITY ON INITIAL SCALE HEIGHT
OF THE DUST LAYER, VERTICAL SIZE OF THE COMPUTATIONAL REGION, AND
NUMBER OF SUPER PARTICLES
Here, we examine whether the asymptotic value of ρd,max/ρg0 depends on the initial scale height
of the dust layer Hd0/(ηr), the vertical size of the simulation box Lz/(ηr), and the number of super
particles Np for an identical set of values of τs and σd. We employ model (C) as a fiducial model. As
shown in Table 1, model (CHd2) has twice the value of Hd0/(ηr), model (CLz2) has twice the values
of Lz/(ηr) and Nz, and model (CNp2) has twice the value of Np, when compared with model (C).
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We also show the results of model (A) that has half value of σd and the identical value of τs when
compared with model (C).
Figure 7 (a) and (b) show the time evolution of the dust density at the midplane averaged over
all the x– and y–meshes, 〈ρd|z=0〉xy, and the maximum dust density among all the meshes, ρd,max,
normalized by ρg0. The initial value of 〈ρd|z=0〉xy /ρg0 is exactly equal to ρd0/ρg given by Eq. (3),
namely, 2.0 for models (C), (CLz2) and (CNp2), and 1.0 for models (A) and (CHd2). The initial
values of ρdmax/ρg0 are larger than ρd0/ρg0, because we employed random numbers to distribute the
super particles and the number of super particles in each mesh in the neighborhood of the midplane
fluctuates around the unperturbed value.
The midplane dust density increases owing to the dust settling during first 2.5 orbits for models
(A), (C), (CLz2), and (CNp2) with Hd0/(ηr) = 0.2 and 3.5 orbits for model (CHz2) with Hd0 = 0.4.
After the dust-settling period, 〈ρd|z=0〉xy decreases due to diffusion of particles by the turbulence
caused by the streaming and Kelvin–Helmholtz instabilities. In contrast, ρdmax/ρg0 continues to
grow because of the growth of the particle clumping caused by the streaming instability. Finally,
〈ρd|z=0〉xy and ρdmax/ρg0 approaches to nearly constant values after 4 to 5 orbits. In this stage, the
particle clumping and diffusion by the streaming and Kelvin–Helmholtz instabilities and the settling
of dust particles due to vertical gravity are in quasi-equilibrium.
The asymptotic values of ρdmax/ρg0 are similar for models (C), (CHd2), (CLz2), and (CNp2)
with (τs, σd) = (0.1, 1.0) although we use various values for Hd0/(ηr), ρd0/ρg0, Lz/(ηr) and Np.
In contrast, the asymptotic value for model (A) with (τs, σd) = (0.1, 0.5) is different from that for
models (C), (CHd2), (CLz2) and (CNp2) with (τs, σd) = (0.1, 1.0). Hence, the maximum dust density
is independent of the values of Hd0/(ηr), ρd0/ρg, Lz/(ηr) and Np, if we keep a set of values of the
two parameters (τs, σd) constant.
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(A) τs = 0.1, σd = 0.5, Π = 0.025, Z = 0.005 (B) τs = 0.1, σd = 0.5, Π = 0.05, Z = 0.01
(C) τs = 0.1, σd = 1.0, Π = 0.025, Z = 0.01 (D) τs = 0.1, σd = 1.0, Π = 0.05, Z = 0.02
(E) τs = 0.1, σd = 2.0, Π = 0.025, Z = 0.02 (F) τs = 0.1, σd = 2.0, Π = 0.05, Z = 0.04
Figure 1. Dust column density distribution at tΩK/ (2pi) = 10 for models (A) to (F).
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(A) τs = 0.1, σd = 0.5, Π = 0.025, Z = 0.005 (B) τs = 0.1, σd = 0.5, Π = 0.05, Z = 0.01
(C) τs = 0.1, σd = 1.0, Π = 0.025, Z = 0.01 (D) τs = 0.1, σd = 1.0, Π = 0.05, Z = 0.02
(E) τs = 0.1, σd = 2.0, Π = 0.025, Z = 0.02 (F) τs = 0.1, σd = 2.0, Π = 0.05, Z = 0.04
Figure 2. y-averaged dust density as a function of (x, z) at tΩK/ (2pi) = 10 for models (A) to (F).
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Figure 3. Maximum dust density as a function of time (orbits) for models (A) to (F).
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Figure 4. Dust column density distribution at tΩK/ (2pi) = 50 for models (G) to (L).
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Figure 5. y-averaged dust density as a function of (x, z) at tΩK/ (2pi) = 50 for models (G) to (L).
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Figure 6. Maximum dust density as a function of time (orbits) for models (G) to (L).
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Figure 7. The comparison of the time evolution of (a) the dust volume density averaged over (x, y) at the
midplane 〈ρd|z=0〉xy, and (b) the maximum dust volume density, ρdmax. Lines for models (A), (C), (CLz2),
(CHd2), and (CNp2) are drawn in gray, black, blue, red, and green, respectively.
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